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Abstract: This paper presents the outcomes of a desktop study into the use of Magnesium Oxide
Cement (MOC) as a replacement to Ordinary Portland Cement (OPC). Magnesium oxide as a low-
percentage replacement of OPC concrete purportedly provides increases in compressive and flexural
strength. Testing indicates that autogenous expansion minimises shrinkage strain, and that there are
also durability benefits. Whilst seemingly used internationally for decades, uptake in Australia to date
appears to be limited. The authors of this report researched the sourcing and production of magnesium
oxide cement, its supply and availability in Australia for use as a cement replacement, likely suitable
applications, potential benefits and/or disadvantages, and sustainability credentials.
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Introduction

Magnesium Oxide (MgO) is a pure white mineral. Whilst used experimentally in concrete production for
over 150 years, it has historically been perceived to provide negligible tangible benefits, and that
elevated quantities are detrimental to mechanical performance. However, a quality-control mishap
during a dam construction project in China led to a modern look at MgO and its potential benefits.

Upon completion the Baisham arch-gravity dam, constructed circa 1975 on the Second Songhua River
in Jilin Province, China, was identified as not having the expected magnitude of concrete shrinkage
cracking. Forensic engineering investigation identified two potential failings in the quality control of the
concrete batching, which in combination created a favourable outcome(1). Firstly, it was discovered
that there was an elevated proportion of MgO in the cement, and secondly, it was identified that the
cement had been calcinated at reduced temperature. The resultant concrete characteristics included
shrinkage compensation of particular benefit to the massive/bulk use for the large dam structure.
Autogenous expansion of the MgO cement coincided with and counteracted the drying/hydration
shrinkage induced by the Ordinary Portland Cement. Since that time Chinese engineers have adopted
the practice of substituting small percentages of OPC with lightly-burnt/caustic-calcined Magnesium
Oxide Cement on more than 30 dams.

Extraction, Production & Classification

Magnesium is the eighth most commonly occurring mineral on Earth. Magnesium compounds are found
in volcanic rocks, and are the third most common compound found in sea-water (at 1300 parts per
million). Magnesium is also found in brine lakes and ground-water(2). Globally, the majority of MgO is
produced from calcination of Magnesite ore (MgCO3), which is typically extracted from surface/shallow
mining. Australia is second only to China in the production of magnesium compounds, with 2.6M t
annual production compared to an estimated 17M t produced by China(3). Sea water/brine water has
been used as a source of magnesium in Europe and the USA, with 67% of U.S. magnesium sourced
this manner (3).

Though there are significant Magnesite deposits throughout Australia, the bulk of Australian production
is presently extracted from nodules of cryptocrystalline magnesite covering an area of about 63 km?,
which is overlain by up to 12 metres of black clay, north of Rockhampton in Queensland(3) (refer Figure

1),

Magnesite is a mineral that is composed of magnesium carbonate (MgCO3). At high temperatures
MgCO; decomposes to magnesium oxide and carbon dioxide, with pure, magnesite containing 47.8%
MgO and 52.2% CO, by weight(4). MgO is graded with reference to the temperature of calcination, and
each grade has different characteristics and uses. The European Union defines grades of MgO as
caustic-calcinated, dead-burned, and fused. Producers of MgO, however, often use alternative
definitions (4). For clarity, Table 1 has been produced to illustrate this. In this paper we refer to the



production definition, as it better suits the ranges where the characteristics vary from useful to potentially
damaging as an OPC replacement.

Figure 1 - Australian Magnesite Deposits
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Table 1 - Calcination Definitions
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Temperature
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Definition Definition

light-burned




2700
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The calcination temperature of MgO directly affects its crystalline form and its potential to expand over
time. Higher calcination temperatures result in the potential for increased expansion. With lower
calcination temperature facilitates reduced expansion, and a quicker rate of expansion (1). Light-burnt
Magnesium Oxide Cement (calcinated at approximately 800°C) has been shown to reach 100%
hydration within 3 days, whereas hard-burned MgO (1400°C) achieved only 33% hydration in the same
period. Excessive expansion from MgO can fracture concrete, particularly if out-of-synch with the
hydration shrinkage of OPC cement (1). It is for this reason that the majority of international concrete
codes, including Australia’s AS3972, require OPC clinker to contain less than 4.5% of (hard-burned )
MgO. At the typical temperatures of OPC production (circa 1400°C) hard-burned, slow expanding MgO
is produced - hence any MgO constituent in the clinker will exhibit this highly-expansive (negative)
characteristic. Chemical theory indicates that calcination of MgO can occur at temperatures as low as
600°C. However, for practical purposes, temperatures of 800 — 850°C are employed to obtain light-
burned MgO, which provides the most complementary characteristics for OPC replacement. The
alternative means of producing MgO is as a minor by-product of the electrolysis of sea-water/brine, to
extract pure Magnesium. This method is energy intensive and yields less MgO.

Characteristics & Testing

As evidenced by its use in Chinese dam construction, low percentages of lighty-burned Magnesium
Oxide Cement in a primarily OPC concrete can be utilised to minimise shrinkage strain (1). It has been
noted that free-lime in a concrete mix will restrict the compensatory expansion of MgO, and thus requires
minimisation/control(1). In massive structures, the rate if hydration of OPC can be longer and induces
higher temperatures, and a reduced rate of hydration and high temperatures aligns well to minimise lag
between OPC shrinkage and MOC expansion.

The characteristics of an OPC-flyash blend with the addition of MgO include improved resistance to
carbonation, chloride attack, and sulfate attack by decreasing 0.03—0.3 um pores which are associated
with ion diffusion (8).

MOC is commercially available in Australia, but has yet to gain significant traction despite being used
widely overseas for more than 20 years. Detailed product formulae are not readily available, however,
one product (Product A) (5) contains 17% MgO by mass. Testing by Liu, Ong et al at Griffith University
(5) indicates that substituting small percentages (5-7%) of OPC (or OPC-fly ash blends) with Product A
resulted in significant mechanical benefits including exponentially higher strength. Though no testing
data has been published, ongoing work by Daniel Epps under Dr Adrian MacCallum at University of the
Sunshine Coast suggests that Product A when used in small percentages (3%) with OPC or OPC-fly-
ash blends can provide significant improvement to compressive strength, improvement of flexural
strength, and reduction of shrinkage in comparison to OPC controls. Du, C in a 2005 review of MgO in
concrete (1) noted that the mechanical behaviour of such concretes was stable, and that compressive
and tensile strengths were higher than OPC concrete (correlating with Epps work), along with improved
abrasion resistance. Du also noted a slightly higher modulus of elasticity, i.e. an increased brittleness,
which can be overcome by the dosing of 2% polymeric-fibre reinforcement (2).

Experiments undertaken using MgO cement as a primary binder in concrete are well summarised in
‘Magnesia-Based Cements: A Journey of 150 Years, and Cements for the Future?’ (6). This reference
suggests that MgO cement as a primary binder is unable to achieve more than 20 — 22MPa compressive
strength. It is also postulated that concrete produced only with MgO may not have sufficiently high pH
to passively protect ferrous-steel reinforcement. Suitably sourced light-burned MgQ is critical to ensure
autogenous expansion does not compromise the integrity of a concrete matrix over the longer term, as
is an appropriate water-cement ratio. Even carefully controlled testing indicates that capillary porosity
(correlated with higher water-cement ratio) leaves this type of concrete susceptible to damage by
freeze/thaw action. However, this may be overcome by the addition of fly-ash, leaving ‘free MgO’ to
precipitate and heal microcracks (2). There have been no long-term studies on these MgO only
concretes to ascertain the stability of MgO hydration. It would appear that applications for high
percentage MgO concretes may be limited to small-unit unreinforced elements such masonry blocks, or
cladding tiles. However, the application of high-percentage MgO concretes might well be expanded
when combined with suitable admixtures and/or non-ferrous reinforcement.



It is noted that an Australian listed company owns patented MgO cement products and related CO,
sequestering technologies, and continues with research and development (5). 25MPa masonry blocks
have apparently been produced using a porous MgO concrete, allowing complete carbonation
sequestration under controlled manufacture conditions featuring high humidity and high CO,.

It is worth noting that a level of atmospheric CO, sequestering can also be achieved with traditional OPC
concrete, but at the expense of surface carbonation which ultimately adversely affects the steel
reinforcement by removing the alkaline passive protection.

Sustainability

The high CO, emissions from construction activities, and of cement production in general, are well
documented and do not require further discussion here - other than to highlight that between 5-8% of
anthropogenic CO, is emitted by the production Ordinary Portland Cement (2), and that a continual
annual ongoing market/production growth of around 5% is forecast (5). Whilst there is presently no
national or international carbon price directly affecting the commercial response to climate change, it is
feasible that introduction is imminent, and that the use of OPC and the production of concrete will need
to change.

In response to construction industry drivers related to climate change mitigation there are now a number
of concrete producers offering reduced carbon options both internationally and domestically. It would
serve architects, engineers and other specifiers well to make themselves aware and comfortable with
the properties and characteristics of lower-carbon offerings, and to support their uptake and use. Lower-
carbon concrete products achieve carbon reduction by an increasing variety of methods, including
blending or completely replacing OPC with binders which are less energy intensive to produce, and/or
with industry by-products (e.g. supplementary cementitious materials such as blast furnace slag, fly ash,
and silica fume).

It is suggested that MOC when blended with OPC can contribute to reduced carbon dioxide emissions
by:

- requiring less energy than OPC due to reduced calcination temperatures (i.e. 800-850°C vs
1400 °C);

- dematerialisation opportunities due to the comparative disproportionate increase in
compressive and flexural strengths gained from small percentage OPC replacement;

- sequestration of CO, from the atmosphere (2), however, some studies have not able to produce
quantifiable sequestration under normal atmospheric conditions (6). Whilst the ECC reported
upon by Kara, S.; Erdem, S., et al (2) notes 30% CO, absorption by weight of MgO, it is
interpreted that this percentage of sequestration is less than the CO, released during
production/calcination of MgO.

Conclusions

Desk top research indicates that lightly-burned Magnesium Oxide Cement offers significant benefits
when used in small quantities as a replacement for OPC and blended cements. Benefits include
increases in strength, durability, abrasion resistance and the reduction of carbon emissions.
Construction applications are reported to include massive structures (eg dams), pavement/subgrade
stabilisation, soil improvement, concrete pavements and precast elements.

CO, sequestering is likely to be important in reducing global emissions and MgO cements appear to
offer an opportunity for in-service atmospheric CO, sequestering. In combination with reduced
production emissions, and reduced volume of OPC, MOC appears to be a viable reduced-carbon option.
It would serve architects, engineers and other specifiers well to make themselves aware and comfortable
with the properties and characteristics of lower-carbon concrete offerings, and to support their uptake
and use.

An apparent and increasing trend is that the traditionally limited number of OPC concrete mixes are
being supplanted by a much more varied and diverse lower-carbon offering, developed for specific
applications using a variety of binders, additives and reinforcement types. It is in the best interest of all
in the construction industry to make efforts to become more familiar and comfortable with this new norm.
In this way we will break down the traditional inherent barriers to innovation which is more necessary
now than at any time before.
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